V ascular endothelial growth factor (VEGF) is a critical factor in the tissue growth and organ repair processes of angiogenesis and vasculogenesis.
1 VEGF is also a survival factor for endothelial cells, controls glomerular capillary function, and works as a neurotrophic and neurogenic agent. [2] [3] [4] Pathologically, VEGF is the principal growth factor in the neovascularization in the eye and serves as a potent vessel permeability growth factor. 2 The production of VEGF is mainly driven by retinal ischemia. 5 When neovascularization develops in the retina, leakage, retinal edema, and even retinal detachment in the eye may result, thus compromising vision. 6 The role of VEGF is recognized in a number of vitreoretinal diseases, including retinopathy of prematurity (ROP), 7, 8 diabetic retinopathy, 9 ,10 age-related macular degeneration (ARMD), 11 and retinal vessel occlusion. 10, 12, 13 Therapy aimed at VEGF has been found to be effective in the retinopathies associated with VEGF elevation. 14 -17 Plasmin is a serine protease that mediates the fibrinolytic process and modulates the extracellular matrix. 18 It hydrolyzes a variety of glycoproteins, including laminin and fibronectin, both of which are present at the vitreoretinal interface and are thought to play a key role in vitreoretinal attachment. 19, 20 Plasmin has been proven to cause vitreous liquefaction and posterior vitreous detachment (PVD). [21] [22] [23] [24] [25] [26] [27] Pharmacologic vitreolysis with microplasmin (ThromboGenics Ltd, Dublin, Ireland), which is a truncated form of plasmin, increases vitreous diffusion coefficients 28 and oxygen levels in the vitreous. 29 Therefore, plasmin might be useful in treating a variety of retinopathies by serving to reduce vitreous traction and retinal ischemia. It has been suggested that whether there is a PVD may influence the bio-distribution or flux of molecules that cross the vitreoretinal junction 30 (Goldenberg DT, et al. IOVS 2008; 49 :ARVO E-Abstract 5616). However, direct evidence of VEGF clearance from PVD eyes is still lacking. Because VEGF is an important target of treatment in a variety of retinopathies, we aimed to investigate the role of PVD and vitreous liquefaction on the clearance of VEGF from rabbit eyes. We hypothesized that the eyes with PVD will have different pharmacokinetics in the clearance of VEGF. PVD and vitreous liquefaction were induced by the injection of plasmin and/or sulfur hexafluoride (SF 6 ) into the rabbit eye. Residual VEGF levels were then determined and compared between study eyes and control eyes after the administration of exogenous human VEGF into the vitreous.
MATERIALS AND METHODS

Grouping of Animals
Japanese white rabbits (1.5-1.7 kg) were used in this study. The handling of animals was performed in accordance with the Chang Gung Memorial Hospital regulations that govern the use of experimental animals and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Because the vitreoretinal adhesion is tighter in rabbits than in humans, plasmin injection alone or the long-acting gas SF 6 alone did not produce complete PVD. 31 Plasmin enzyme combined with the long-acting SF 6 produced complete PVD and vitreous liquefaction. 31 Therefore, animals in group 1 received plasmin and SF 6 injection, which represented the complete PVD group. Animals in group 2 and group 3 received plasmin or SF 6 injection, which represented the incomplete PVD groups. The right eye of each rabbit in group 1 received an intravitreal injection of 1 unit of human plasmin (0.1 mL reconstituted in sterile balanced salt solution [BSS; CalBiochem, La Jolla, CA]) and 0.5 mL of SF 6 . The right eye of each rabbit in group 2 received an intravitreal injection of 1 unit of human plasmin (0.1 mL) only. The right eye of each rabbit in group 3 received an intravitreal injection of 0.5 mL of SF 6 only. The left eye of each animal in these three groups received a 0.1 mL balanced salt solution injection. Animals in group 4 received balanced salt solution injections into the right eye and no injection into the left eye. Each group consisted of four animals, and the grouping details are shown in Table 1 .
The intravitreal injections were performed 2 mm posterior to the limbus while the eye was observed under a surgical microscope (M691; Wild Heerbrugg, Heerbrugg, Switzerland). Care was taken to avoid damage to the lens and the retina during the injection.
Clinical Observations and Electrophysiological Examination
Slit-lamp (SL-15; Kowa, Tokyo, Japan) examinations and indirect ophthalmoscopy (Omega 500; Heine, Herrsching, Germany) were performed. External photos and color fundus photos were obtained to document the status of the cornea, conjunctiva, lens, vitreous, and retina after plasmin and/or SF 6 injection. For eletroretinogram (ERG) recordings, the rabbits were anesthetized, their pupils were dilated, and a topical anesthetic was applied to the cornea. After 1 hour of dark adaptation, ERGs were recorded with an ERG recording system (RETIport ERG; Roland Consult, Brandenburg, Germany) at baseline and at 1, 3, 7, 14, and 28 days after the intravitreal injections. ERGs were recorded with a contact lens electrode that contained light-emitting diodes as a stimulator and was connected to an electrode on the forehead. The ground electrode was attached to the ear. Amplitudes and implicit times of a-and b-waves were evaluated.
Intravitreal Injection of VEGF
Intravitreal injection of human VEGF (recombinant human VEGF 165 ; R&D Systems, Minneapolis, MN) was performed in the plasmin-treated eyes and control eyes to determine whether plasmin-treated eyes displayed more rapid VEGF diffusion. One month after plasmin and/or SF 6 injection, injection of VEGF (50 L, 10 ng/L) was performed in the right eyes in each group of rabbits. To determine the residual vitreous concentration of VEGF, intravitreal samples were obtained via the pars plana using a 27-gauge needle at the following time intervals: 1, 3, and 7 days after the injection of VEGF. Serum VEGF samples were measured at the same time.
VEGF ELISA after Vitreous VEGF Injection
The amount of human VEGF injected was measured using a commercially available VEGF sandwich enzyme-linked immunosorbent assay (ELISA) kit (DuoSet, R&D Systems). The optical density of each well was measured by a plate reader that subtracted readings at 540 nm from the readings at 450 nm. The VEGF content was estimated from the standard curve. The range of detection of this ELISA kit was 20 -2500 pg/mL. Vitreous samples were centrifuged at 5000g at 4°C to remove cells, and the supernatant was frozen at Ϫ70°C. The ELISA procedure was performed according to the manufacturer's instructions.
Histologic Examination
After enucleation, the eyes were opened with a razor blade that penetrated the vitreous adjacent to the pars plana to ensure rapid penetration of fixative. Care was taken to avoid damage to the adjacent retina and lens. The eye section used for light microscopy was immersed in 4% paraformaldehyde for 30 minutes.
For transmission electron microscopy (TEM), after fixation with a mixture of 3% glutaraldehyde and 2% paraformaldehyde, the tissue was dehydrated in an ethanol series, postfixed in 1% osmium tetroxide, and embedded in epoxy resin (Epok 812; Oken, Tokyo, Japan). Semithin sections were stained with 0.5% toluidine blue. Ultrathin sections were stained for contrast with 8% uranyl acetate and lead citrate and then analyzed using an electron microscope (H7500; Hitachi, Tokyo, Japan).
For scanning electron microscopy (SEM), after fixation in a mixture of 3% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer, a posterior calotte that included part of each quadrant of the eye was removed, dehydrated through a graded ethanol series, dried in carbon dioxide liquid to the critical point, sputter-coated in platinum, and then photographed using an electron microscope (S-5000; Hitachi, Tokyo, Japan). Electron photomicrographs were evaluated for the degree of vitreoretinal separation based on the presence of the three following features: a continuous or a discontinuous network of collagen fibrils that covered the internal limiting membrane (ILM); single, sparse collagen fibrils present on the ILM; or no collagen fibrils on the ILM. Consistent with a previous study, 32 grading was classified as follows: 3, dense deposition of collagen on the ILM; 2, moderate deposition of collagen on the ILM; 1, mild deposition of collagen on the ILM; and 0, no deposition of collagen on the ILM. The observers were blinded to the group classifications when they interpreted the morphology data.
Statistical Evaluation
We compared ERG results between study eyes and control eyes, between eyes before and after intravitreal injection, and among different treatment groups. Amplitudes and implicit times of the a-and b-waves were analyzed by group mean comparisons. We also compared the ELISA results among the different treatment groups using the analysis of variance (ANOVA) and the Dunnett post hoc test. The Wilcoxon signed-rank test was used to compare ERG results at baseline and after treatment as well as to compare the results between study eyes and control eyes. The tests were performed using statistical software (SPSS v. 13.0; SPSS Inc., Chicago, IL), and data were expressed as the mean Ϯ the SD with P Ͻ 0.05 considered to be significant.
RESULTS
Clinical Observations and Electrophysiological Examination
After surgeries, moderate to severe conjunctival congestion persisted for approximately 2 weeks in the study eyes. After that, redness gradually decreased. Up to 30 days after surgery, there was no significant difference among the four treatment groups in terms of the degree of conjunctival redness as assessed by the CCLRU grading scale. 33 None of the eyes developed corneal or conjunctival infections by the end of the experiment. The lens remained clear for up to 30 days after the intravitreal injection of plasmin and/or SF 6 . Dilated fundus examinations revealed no signs of vitreous opacity, retinal detachment, vessel occlusion, or retinal necrosis in any group of animals. ERG data showed a transient decrease in a-and b-wave amplitude within 1 week after the injections in groups 1, 2, and 3. At 1 week after the injections, the amplitude returned to baseline (data not shown).
Histology and EM Results
There were no apparent differences in the retinal histology among the four treatment groups as determined by light microscopy. The morphology of the retinas from the plasminand/or SF 6 -treated eyes was similar to that observed in the control eyes. TEM was used to investigate the presence of vitreoretinal adhesion and to characterize the ultra-morphology in different retinal layers after plasmin and/or SF 6 treatment. Dense collagen fibrils were still attached to the ILM in the control eyes. In contrast, eyes treated with plasmin and/or SF 6 showed a cleaner ILM with very limited adhesion of collagen fibrils (Fig. 1) . The ultra-structure in the retinal pigment epithelium, outer segments of photoreceptors, inner segments of photoreceptors, mitochondria in the inner segments, and cells in the outer nuclear layer showed normal morphology in all four treated groups.
SEM showed that collagen fibrils were sparsely present or could not be found in the plasmin-and SF 6 -treated (group 1) eyes, which was consistent with the findings of complete PVD. In plasmin-or SF 6 -treated eyes (group 2 or 3), mild to moderate collagen deposition on the ILM was observed, which was consistent with the findings of incomplete PVD. In contrast, the balanced salt solution-treated eyes showed dense and continuous networks of collagen fibrils covering the ILM, which indicated no signs of PVD ( Fig. 2 and Table 2 ).
VEGF Concentration as Determined by ELISA
One day after VEGF injection, residual VEGF concentrations in the vitreous cavity were significantly lower in the plasmin-and SF 6 -treated eyes (group 1; 74,876 Ϯ 52,027 pg/mL) and in the plasmin-treated eyes (group 2; 52,299 Ϯ 38,279 pg/mL) when compared to the control eyes (group 4; 170,333 Ϯ 33,322 pg/mL; P ϭ 0.047 and 0.024, respectively). Three days after VEGF injection, residual VEGF concentrations in the vitreous cavity were still significantly lower in the plasmin-and SF 6 treated eyes (group 1; 886 Ϯ 605 pg/mL) when compared to the control eyes (group 4; 7809 Ϯ 4296 pg/mL). Seven days after VEGF injection, the residual VEGF concentrations were very low (421 Ϯ 320 pg/mL, 333 Ϯ 211 pg/mL, 386 Ϯ 118 pg/mL, and 453 Ϯ 186 pg/mL from groups 1, 2, 3, and 4, respectively). No significant differences were noted among the treatment groups. Although the mean VEGF levels on day 1 were the lowest in the group treated with plasmin alone (group 2), there was no statistically significant difference between the VEGF levels in the group treated with plasmin and SF 6 (group 1) and the group treated with plasmin alone (group 2) (P ϭ 0.838). The VEGF levels on day 3 were lower in the group treated with plasmin and SF6 (group 1) compared to the group treated with plasmin alone (group 2). However, the difference was also not statistically significant (P ϭ 0.940). Therefore, the eyes treated with plasmin alone or plasmin plus SF 6 showed much faster clearance of VEGF compared with the control eyes. However, we did not find a significant difference between these two groups of eyes (group 1 and 2). The results are shown in Figure 3 . The serum VEGF levels were below the level that could be detected by this ELISA kit in all the groups of animals at all the examined time points.
DISCUSSION
Our study results show that plasmin and/or SF 6 injection is well tolerated in rabbit eyes. Complete PVD could be consistently created through treatment with plasmin and SF 6 . Partial PVD was found after the injection of plasmin or SF 6 . VEGF clearance from the rabbit vitreous was much faster in the plasmin-treated eyes than in the control eyes. Such findings could have important clinical implications in the future.
The causes of the faster clearance of VEGF from the plasmin-treated eyes require further investigation. A colloidal vitreous and intact vitreoretinal junction represent physical barriers that could limit the movement of molecules. 30 Therefore, enzyme-mediated detachment of the vitreous from the retina has been found to increase the molecular penetration in the retina (Goldenberg DT, et al. IOVS 2008; 49 :ARVO E-Abstract 5616). In addition to PVD, plasmin enzyme causes vitreous liquefaction by the activation of collagenase, 34 which could lead to the degradation of collagen in the vitreous. A colloidal vitreous could act as a reservoir for the VEGF and entrap more VEGF than a liquefied vitreous. Additionally, plasmin could facilitate the degradation of the extracellular matrix that surrounds the endothelial cells, which increases the flux of metabolites. 35 Plasmin could also act directly on the endothelial cells and increase their permeability. 36 These effects could account for the increased clearance of VEGF after the administration of plasmin. However, serum VEGF could not be shown to differ among the treatment groups because the concentration of VEGF was too low to be detected by ELISA.
These findings show significant potential for the clinical application of plasmin enzyme in the future. VEGF plays an important role in the pathogenesis of a variety of retinopathies, including ARMD, 11 diabetic retinopathy, 9,10 ROP, 7, 8 and retinal vessel occlusion 10, 12, 13 and has shown promising results as a major target in the treatment of these diseases. Methods of blocking VEGF, including VEGF antibodies, 14, 15 VEGF trap, 16 and VEGF RNA interference 17 have been attempted with promising results. Faster clearance of VEGF from eyes treated with plasmin is also likely to be beneficial in these retinopathies. In addition, vitreous traction has been recognized as a significant pathogenic factor in the retinopathies mentioned above. [37] [38] [39] [40] [41] [42] [43] Studies have shown that patients with PVD had a better visual prognosis in certain retinopathies, such as retinal vessel occlusion and ARMD. 37, 40 The complete relief of vitreous traction by the induction of PVD is theoretically helpful in these retinopathies. With the administration of plasmin enzyme in the eye, dual beneficial effects could be achieved for the retina.
Another potential benefit of plasmin is the long-acting nature of its effect. This VEGF-lowering effect is desirable for chronic retinal disorders, such as ARMD, which is a major cause of blindness in developed countries. Intravitreal injection of VEGF antibodies, bevacizumab (Avastin; Genentech Inc., South San Francisco, CA) or ranibizumab (Lucentis; Genentech Inc.), is the current treatment of choice. Although effective, monthly injection of these drugs is usually required due to the chronic character of the disease and the short half-lives of the drugs. 14, 44, 45 These factors burden both patients and their treating doctors. Plasmin enzyme treatment is found to speed VEGF clearance from the vitreous. It is likely that such an effect could persist longer than the half-lives of VEGF antibodies, VEGF trap, or RNA interference because plasmin enzyme permanently hydrolyzes the collagen structure in the vitreous.
Plasmin enzyme was clinically used mainly as an adjuvant to reduce vitreoretinal adhesion during vitrectomy surgery. 24 -27,38,46 -50 With the application of plasmin enzyme, PVD was less traumatic than that achieved by the mechanical method alone. 51 This less traumatic treatment would be especially useful in pediatric eyes, in which vitreoretinal adhesion is so tight that the induction of PVD by mechanical methods seldom succeeds. Plasmin enzyme could also be used in combination with long-acting gas to treat macular holes. 22 In addition to the use of plasmin as an adjuvant for vitrectomy or long-acting SF 6 gas, the enzyme could also be used as a single agent to treat retinopathies associated with retinal ischemia, VEGF elevation, or vitreous traction. Of note, the effect of PVD produced by plasmin is dose and time dependent. 52 Therefore, sufficient doses of plasmin and time for action are required to produce the complete effect of vitreoretinal separation, and insufficient doses or time for action will produce partial vitreoretinal separation or no separation at all. Currently, clinical trials that involve microplasmin, which is a truncated form of plasmin, are currently ongoing, 48, 53 and some of the prelimi- -2  3  3  2  2  O S  3  2  3  3  3  2  2  3  3  3  3  3  3  3  3  3 Grading: 0, no deposition of collagen on internal limiting membrane (ILM); 1, mild deposition of collagen on ILM; 2, moderate deposition of collagen on ILM; 3, dense deposition of collagen on ILM. OD, right eye; OS, left eye. FIGURE 3. VEGF clearance in the eyes treated with plasmin and/or SF 6 as well as control eyes. Eyes treated with plasmin enzyme were found to have a significantly lower concentration of VEGF in the vitreous than the control eyes 1 and 3 days after the injection of human VEGF. VEGF levels were very low and showed no difference among treatment groups 7 days after the injection of human VEGF.
nary results are encouraging. The long-term efficacy and safety of this enzyme will be proven only with further research.
The diffusion coefficient for the VEGF in the vitreous could be estimated by using the following approach. He 55, 56 VEGF has a molecular weight of 45,000 daltons and a radius of 3 nm. 57 Its diffusion coefficient is calculated at 8.4 ϫ 10 Ϫ7 cm 2 /s in the vitreous when compared with fluorescein. When injected into the vitreous using 20 nm beads and dynamic light scattering technology, microplasmin has been reported to reduce the viscosity and produce a two-to fivefold enhancement in the diffusion coefficient. 28 Therefore, the diffusion coefficient of VEGF in the plasmin-treated vitreous could be calculated at approximately 1.7-4.2 ϫ 10 Ϫ6 cm 2 /s, which is larger than the diffusion coefficient (8.4 ϫ 10 Ϫ7 cm 2 /s) in the nontreated vitreous. The strength of vitreoretinal adhesion varies based on the location within the eye. Vitreoretinal adhesions are particularly strong in the vitreous base, at the equator, over the retinal vessels, at the optic disc, and at the macula. 58 Vitreoretinal separation or PVD could be created by administering plasmin or microplasmin 59, 60 but at most up to the region that is immediately posterior to the equator. In the vitreous base, direct insertions of vitreous fibrils into Müller cells and/or into the crypts between adjacent Müller cells have been found. [61] [62] [63] In addition, attachment plaques (i.e., hemidesmosomes) are present in the equator and are absent from the posterior pole, with the exception of the fovea. 61 Therefore, complete vitreoretinal separation in the ora serrata could not be achieved by plasmin or other enzymes in those areas because of very strong vitreoretinal adhesions.
Although plasmin has been safely used in clinical settings, some potential complications could arise with its use. Transient decreases in ERG 59, 64 and mild intraocular inflammation 60, 66 after intravitreal injection of plasmin have been reported. Posterior subcapsular cataracts have been noted in some patients with pediatric traumatic macular holes after plasmin-mediated vitrectomy. 27, 66 Other potential complications associated with intravitreal injection include retinal tears, retinal detachments, 27 and endophthalmitis. In conclusion, plasmin enzyme could produce PVD and relieve vitreous traction in the retina. The enzyme also has a good safety profile. In addition, VEGF clearance was much faster from the plasmin enzyme-treated eyes than from the control eyes. These results imply a potential application in retinopathies that are associated with VEGF elevation and vitreous traction in the near future.
